ABSTRACT
Introduction
Lectins are glycoproteins of nonimmune origin, which have at least one non-catalytic domain that allows them to selectively recognize and bind to specific mono and oligosaccharides in a reversible manner (Peumans and Van dame 1995) . These proteins have the particular ability to discriminate glycoconjugate complexes without promoting modifications in the molecular pattern (HirabayashI et al. 2011) .
The lectins are found on a large scale in a variety of living organisms, such as in plants (Carvalho et al. 2015) , vertebrates (Zhang 2016) and invertebrates (Bauters et al. 2017 ). In addition, to have different shapes and sizes, lectins play several important biological roles (Gallego Del Sol et al. 2005) . Among the biological functions, it is possible to mention the participation in the process of cell-cell recognition during fertilization, defense and cellular organization, as well as in the transport of carbohydrates and its fixation in the tissues (Kan et al. 2008; Jiang et al. 2006; Silva et al. 2008; Yoon et al. 2008; Han et al. 2010) .
Among the lectins, frutalin (FTL) is extracted from the seeds of Artocarpus incisa L. This lectin has a tetrameric form and α-D-galactose specific link (Monteiro-Moreira et al. 2015) . Then, due to its binding characteristics, FTL can recognize and fix to cell membranes, and even penetrate into the cell nucleus, influencing cell-cell interactions, communication, proliferation, and cell death mechanism (Sharon 2004; Oliveira et al. 2011) . Accordingly, many biological activities have already been reported for this lectin, such as acute and neuropathic nociceptive effects (Damasceno et al. 2016) , induction of neutrophil migration in vitro and in vivo, induction of chemotaxis, reorganization of the cytoskeleton of human neutrophils, cellular motility, and oxidative response (Roche et al. 2006) . In addition, studies have shown that FTL can be used in the diagnosis of prostate, breast and thyroid cancer, as well as acute lymphoblastic leukemia (Oliveira et al. 2009 ). However, even with a prodigious biotechnological potential, little attention has been given to FTL. Thus, the objective of this review was to discuss the structural and the functional characteristics of FTL, its mechanisms of action, as well as its promising biotechnological applications.
Characteristics and structural aspects of frutalin
Artocarpus incisa is a medium-sized tree, up to 15 meters in height, with deep roots and a smooth gray bark stem with 80 to 90 cm in diameter. It has large leaves (30 to 90 cm long by 30 to 45 cm wide), varying in simple, coriaceous, curved at the base, cut in 5 to 7 wolves, rarely whole, and dark green color. Its flowers do not have petals and are very small (Moreira 1998).
Several lectins have already been isolated and characterized from Artocarpus incisa. As example, the frutapin, a specific mannose lectin that shares many similarities to the lectins extracted from Artocarpus intregrifolia (Monteiro 1997). Furthermore, FTL was extracted from the breadfruit, which is a glycoprotein alpha-D-galactose binding lectin containing 2.1% of carbohydrates in its structure. This lectin exhibits high levels of acid, hydroxylated and hydrophobic amino acids and low content of sulfuric amino acids (Monteiro 1998).
The FTL is a tetrameric protein, with a molecular mass of 48 KDa, and a tetramer conformation only at alkaline pH of 10, containing 153 aminoacids per monomer (Moreira 1998). Depending on the medium, the predominant three-dimensional shape is the antiparallel β-sheet (64%) containing four α-D-galactose binding sites, and it can be classified as hololectin. Its structure was described by Nepomuceno (2008) through homology modeling using the jacalin as a template protein. Previous studies demonstrated its three-dimensional structure through crystallization and analysis of data obtained by x-ray diffraction, showing that the FTL has in each monomeric unit a symmetric β prism with three groups of four β-sheets each . The carbohydrate recognition site is similar to the observed for jacalin, and is involved in the N-terminal region of the α chain, presenting a characteristic folding of the family Moraceae. The FTL binding site consists of a cavity near the N-terminal of the α chain, formed by four key residues: Gly25, Tyr146, Trp147, and Asp149. Recent studies performed by Pereira et al. (2015) led to the determination of the crystallographic structure of the FTL, and showed that it is expressed in different isoforms, which presents variances mainly in post-transductional glycosylation (Figure 1) .
The protein FTL is fairly stable and the thermal denaturation triggers almost simultaneously a loosening of the tertiary structure, loss of hemagglutinating activity, and organization of secondary structure. When treated at different pH values, FTL only shows significant modifications at the secondary and tertiary structure levels, and only at pH 12. In addition, chaotropic agents are capable of denaturing FTL (Monteiro 1998).
3 Main biological activities of frutalin
Frutalin as a biomarker of neoplastic cells
Some aberrant changes in the plasma membrane glycosylation pattern are common in malignant cells, which can influence cell growth and differentiation. Previous studies showed the presence of endogenous lectins (galectins) only in precursor lesions and carcinomas (Schoeppner et al. 1995; Lalwani et al. 1996) . On the other hand, with the use of vegetable lectins, such as FTL, it is possible to highlight changes in cellular glycoconjugates. Furthermore, during transformation and neoplastic progression, there is a specific reorganization of glycoproteins present on the cell surface, exposing α-D-galactose residues to an interaction with FLT (Brockhausen 1999). Due to these changes in the glycosylation pattern in cell membranes, a particular fixation of FTL to α-D-galactose has been tested with the purpose of identifying malignant cells (Figure 2 ). As aforementioned reported by Ferreira (2001) , the efficiency of FTL to identify malignant lesions in the breast demonstrated an ability to mark the neoplastic tissues predominantly in the cell membranes. As a result, a low intensity of cytoplasm penetration has been observed, with the increase in tumor progression. Likewise, Milhome (2003) used FTL in the study of human thyroid cancer, and concluded that FTL is an excellent marker for malign and benign cell differentiation in thyroid lesions, acting like galectin 3-labeling, an endogenous lectin biomarker of cancer cells.
Previous studies using FTL for the detection of cells associated with Hodgking lymphoma were performed by Constâncio et al. (2005) . It was observed that FTL can be used to detect Reed Sternberg (RS) cells, which are cells commonly associated with Hodgking lymphoma. The FTL was also used to identify malignant cells of the human prostate cancer by the immu- (2004) nohistochemistry technique. It was described that the native FTL was compared to the recombinant form, which is obtained by using the expression system of Pichia pastoris. As a consequence, after analysis of 20 cases of prostate carcinoma, and 25 cases of benign prostatic hyperplasia, the results showed that native and recombinant FTL have different binding responses in the prostatic tissues, due to their disparities in carbohydrate binding affinities. This is explained by the molecular modifications found between native and recombinant FTL. Therefore, it has been demonstrated that both lectins can be used as histochemical biomarkers for prostate cancer (Oliveira et al. 2009 ). Recently, the potential of FTL for the premature diagnosis followed by treatment of acute B-cell lymphoblastic leukemia in vivo has been investigated (Cavalcante et al. 2016) . It was conducted the proteomic analysis of serum from pediatric patients with acute B-cell lymphoblastic leukemia (B-ALL) to identify viable biomarkers for using in early diagnosis and treatment evaluation. From this study, a panel of possible biomarkers of proteins were developed for the pre-diagnosis of B-ALL and FTL demonstrated great potential for detection of this pathology. In addition to bind cancer cells, FTL can have numerous biotechnological applications in this area. As for example, the use as carbohydrate binding probes on the cell surfaces. In addition, it can be used as tumor-specific markers with the production of neoglycoproteins, neoglycoenzymes, pseudopolysaccharides, and anti-lectin antibodies, which may be associated with radioisotopes, enzymes, fluorochromes, biotin, anticancer drugs, cytotoxins and oligonucleotides.
Mechanisms of frutalin action and biotechnological applications
Frutalin specifically binds to homotetrameric α-D-galactose (d-Gal), which activates natural killer cells in vitro and promotes leukocyte migration in vivo. Lectins are potent lymphocyte stimulators (Brando-Lima et al. 2006) , and the understanding of the interactions that occur between the molecules in the cell surfaces may aid to elucidate the mechanisms of action involved in this process.
Brando-Lima (2006) verified how FTL is capable of inducing changes in the cytoskeleton and cellular motility. Then, the authors reported that the interaction of FTL with α-D-galactose in lymphocyte membranes triggers the activation of the PI3K-Akt and NFNb pathways, which modulates T-cell expression and proliferation, IL-2 synthesis, and expression of IL-2R. In addition, the authors demonstrated that FTL promotes cellular oxidation by increasing H 2 O 2 production. Moreover, it is known that H 2 O 2 causes significant mitochondrial damage, lipid peroxidation, and apoptosis in mouse granulosa cells (Tanabe 2015) . In this context, Soares et al. (2018) reported the effects of FTL (0.6, 6.0 or 60.0 μg / mL) and doxorubicin (0.3 μg/mL) on the survival, growth, and ultrastructure of in vitro cultured goat secondary follicles. As main results, after 6 days of culture, FTL or doxorubicin reduced the percentage of normal follicles (P < 0.05), nonetheless doxorubicin showed greater toxicity when compared to FTL. The deleterious effects of FTL were mainly on granulosa cells, whereas doxorubicin caused degeneration in granulosa and oocyte cells. Besides, a study conducted by the same group, demonstrated the effects of FTL (1, 10, 50, 100, and 200 μg/mL) on the morphology of primordial follicles, ultrastructure, and gene expression in goat ovarian tissue cultured in vitro. These authors showed that 50 μg/mL FTL negatively affects follicle and ultrastructurel and a large number of vacuoles were distributed throughout the oocyte cytoplasm, and signs of damage to mitochondrial membranes and ridges were also observed (Soares et al. 2018) . Oliveira et al. (2011) tested both native and recombinant FTL and showed that it can be completely internalized and activate apoptotic pathways in HeLa cells. In this study, the authors verified through imonolocalization technique, that native FTL can penetrate into the perinuclear space, where the fluorescence was most evidenced. However, the analysis of recombinant FTL had greater fluorescence found in the nucleus of HeLa cells. It is relevant to clarify that high FTL concentrations are correlated with more toxicity.
The effect of FTL on diseases of the central nervous system was also investigated by means of neurobehavioral evaluations of mice, aiming to analyze the potential of FTL as anxiogenic and antidepressant. Since several pathways can be involved in depression, many evidences have associated depression symptoms with a dysfunction in glutamatergic signaling, especially the hyperactivation of N-methyl-D-aspartate (NMDA) receptors. In this context, antagonists of these receptors have been showed antidepressant action. Studies revealed that after intraperitoneal administration of FTL in mice, this substance produces an attenuation of the neurobehavioral effects mediated by both N-methyl-D-aspartate (NMDA) and L-Arginine /NO /cGMP receptors in vivo and in silico (Sanacora et al. 2011) . Furthermore, in other study performed by Jacques (2012), FTL demonstrated neuroprotective activity against glutamatergic neurotoxicity in a model of hippocampal slices of mice treated in vitro with glutamate. In this context, it was verified of FTL could reverse the scenario of depression through the glutamatergic pathway.
Recently, Damasceno et al. (2016) have shown that FTL has antinociceptive activity, indicating a possible interference with the glutamatergic system through its interaction with transient potential receptor 1 (TRPV1), suggesting that the effect of FTL on glutamate induced nociception occurs due to reduction of glutamate release via TRPV1 channel blockade. FTL acts as an antagonist of the TRPV1 channel leading to a reduction in the release of glutamate. In addition, other receptors showed a role for TRPA1 and TRPM8. Abdon et al. (2009) verified the effect of FTL against gastric damage induced by ethanol. It was reported that FTL have protective effects against gastric damage induced by ethanol. In addtition, FTL decreases gastric lesions through its action in stimulating endogenous prostaglandins, nitric oxide, and opening of ATP and K + channels. However, FTL failed to prevent ethanol-induced changes in meaning glutathione (GSH) and malondialdehyde (MDA). Hence, FTL may be a good therapeutic agent for the development of new drugs for the treatment of gastric ulcer.
